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The issue of municipal solid waste (MSW) management has been highlighted in China due to the contin-
ually increasing MSW volumes being generated and the limited capacity of waste treatment facilities.
This article presents a quantitative eco-efficiency (E/E) analysis on MSW management in terms of green-
house gas (GHG) mitigation. A methodology for E/E analysis has been proposed, with an emphasis on the
consistent integration of life cycle assessment (LCA) and life cycle costing (LCC). The environmental and
economic impacts derived from LCA and LCC have been normalized and defined as a quantitative E/E
indicator. The proposed method was applied in a case study of Tianjin, China. The study assessed the cur-
rent MSW management system, as well as a set of alternative scenarios, to investigate trade-offs between
economy and GHG emissions mitigation. Additionally, contribution analysis was conducted on both LCA
and LCC to identify key issues driving environmental and economic impacts. The results show that the
current Tianjin’s MSW management system emits the highest GHG and costs the least, whereas the sit-
uation reverses in the integrated scenario. The key issues identified by the contribution analysis show no
linear relationship between the global warming impact and the cost impact in MSW management sys-
tem. The landfill gas utilization scenario is indicated as a potential optimum scenario by the proposed
E/E analysis, given the characteristics of MSW, technology levels, and chosen methodologies. The E/E
analysis provides an attractive direction towards sustainable waste management, though some questions
with respect to uncertainty need to be discussed further.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the context of sustainable waste management, strategies are
decided by concerns for the three pillars of sustainability: environ-
ment, economy and society. Based on this concept, two types of
methods have been developed to support decision making pro-
cesses in the area of waste management: cost benefit analysis
(CBA) (Eshet et al., 2005; Ibenholt and Lindhjem, 2003; RDC and
PIRA, 2003), and eco-efficiency (E/E) analysis (Hellweg et al.,
2005; Indrianti et al., 2007) derived from life cycle approaches.
Additionally, some studies (Reich, 2005) have employed an envi-
ronmental life cycle costing (ELCC) method, which internalized
and included the external environmental burdens into the total
cost. Although ELCC has been developed based on life cycle ap-
proaches as well, it can be similar to CBA. It is critical to clarify
the inherent differences between these two types of methods,
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before using these methods to reflect and understand reality.
Considering the economic and environmental pillars in sustainabil-
ity, the principle of CBA is achieving maximum social welfare, by
assuming that environmental impacts can be valued as economic
costs or benefits; whereas the principle of E/E analysis is creating
economic value while decreasing environmental burdens. CBA
has been often conducted on the project level and employs a dis-
counting approach to aggregating the results. Compared to CBA,
E/E analysis is superior in optimizing the decision. For instance,
an alternative with environmental improvements at lower cost,
which is always preferable, can be distinguished by the E/E analy-
sis; whereas, the results of the CBA analysis, subject to no consen-
sus on how to monetize environmental impacts, may indicate
different preferences. Therefore, by softly linking the absolute do-
main of environmentalism and the subjective domain of economic
welfare, the E/E analysis presents a more modest way to consider
the trade-offs between both aspects, as concluded by Huppes and
Ishikawa (2005a).

The importance of the waste sector for reducing global green-
house gas (GHG) emissions has gained considerable attention,
and widespread efforts have been made to promote the evaluation
of GHG emissions from the waste sector, especially since waste
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management as a new chapter was included in the IPCC’s Fourth
Assessment Report (Bogner et al., 2007). China is a meaningful case
for this global issue, because of its continually increasing MSW
generation, which has been estimated to show an average annual
growth rate of 8-10% (Cheng et al., 2007). The decisions on GHG
emissions mitigation need to be evaluated based on Chinese
MSW management practices. Additionally, given the limited finan-
cial support, decisions should be directly related to economic cost
or value. Against the above background, the E/E analysis is an
attractive tool for this topic. However, little research has been done
on the E/E analysis for greenhouse gas emissions mitigation of
MSW.

The remainder of this article is structured as follows: a method-
ology section discusses the consistency of life cycle assessment
(LCA) and life cycle costing (LCC), for implementing the E/E analy-
sis without conflicts. Further, an E/E indicator is developed to eval-
uate strategies on GHG emissions mitigation in MSW management
system. The subsequent case study section presents a quantitative
and illustrative example of the proposed E/E analysis for GHG
emissions mitigation of Tianjin’s MSW management, including
six scenarios which reflect the current and possible patterns of
MSW management system. Moreover, a contribution analysis is
used to highlight the key issues in different scenarios, with regard
to both environmental and economic aspects. Finally, the conclu-
sions section summarizes the results and discusses several practi-
cal issues and limitations arising in this study.

2. Methodology

E/E, as a general concept initially introduced by the World Busi-
ness Council on Sustainable Development (WBCSD, 2000), has
been adopted in industrial practices. The E/E analysis provides
the integrated information of the economic value and the environ-
mental consequences of strategies, hence closely connected LCA
(Guinée et al., 2002) and LCC (Huppes et al., 2004). LCA evaluates
the environmental impacts of a product or service induced
throughout its life cycle, whereas LCC evaluates the total cost for
realizing the same function. The results of both analyses are ex-
actly the elements of E/E analysis. Though the concept of E/E itself
is not complicated and life cycle analytical tools have been well
developed, it is critical to clarify the differences between LCA and
LCC methodologies, in order to carry out the E/E analysis in a con-
sistent way. Furthermore, an E/E indicator needs to be defined for
this case study, aiming to quantify the E/E as one figure.

2.1. Consistency of LCA and LCC

LCA and LCC have major methodological differences inherently,
which are classified based on their relevance to the time or the

Table 1
Methodological differences between LCA and LCC.

boundary, as summarized in Table 1. These methodological differ-
ences stem from the fact that LCA and LCC have been established in
different domains with different purposes. When we consider
these differences, it seems difficult, if not even conflicting, to di-
rectly integrate the results of LCA and LCC in the E/E analysis. For
consistent reason, the choice needs to be made between two ap-
proaches: either to adapt LCA methodology to LCC methodology,
or to adapt LCC methodology to LCA methodology.

From the time related view, Huppes et al. (2004) have discussed
this choice, and key conclusions are: (1) a steady-state type of LCC
can conceptually best be linked to a steady-state LCA; (2) various
discount rates may lead to diverging outcomes, and the real cost
without discounting, as a simple assumption, is preferred. From
the boundary related view, allocation is the most critical issue in
life cycle analytical tools, due to its essential influence on out-
comes. Heijungs and Guinée (2007) have analyzed the logical as
well as practical problems when carrying out both economic allo-
cation and substitution procedures in LCA studies. When perform-
ing the E/E analysis, there is no doubt that a consistent allocation
method needs to be applied in both LCA and LCC. The choice be-
tween economic allocation and substitution becomes more explicit
and also more straightforward in the case of the E/E analysis. From
a theoretical point of view, it is reasonable that the economic allo-
cation solves the problems related to multi-functional processes in
an economic analysis; from a practical point of view, when the eco-
nomic allocation is employed, LCA and LCC share the same alloca-
tion factors and extra information on costs of substitute processes
is not necessary. It is noted that several LCC studies have solved the
multi-functional problem by a substitution approach. That means
the revenues of co-products are subtracted from the total costs;
thus the net costs are considered as the functional unit bore cost.
A closer look at allocation based on subtracted revenues shows
an underlying assumption, namely, that the market price of the
co-product is equal to the cost of the co-product. The choice of unit
processes is the other difference between LCA and LCC. Although
the same set of unit processes can be inventoried in both LCA
and LCC in principle, it is a consensus of researchers that if a de-
tailed assessment of all single unit process is unavailable, the mar-
ket price of a given economic inflow or outflow is considered as the
aggregated upstream costs or downstream costs.

As aforementioned, making the choice of LCC and LCA method-
ologies in the E/E analysis is a delicate subject. Summarily, in order
to avoid the logical conflicts and perform the E/E analysis in a prac-
tical way, key choices of methodological issues in this study are as
follows:

o the steady-state LCC model is used, aligning to LCA;
e the standard LCA methodology is followed, as described by
Guinée et al. (2002);

LCA

LCC

Time related differences
Model feature Most LCAs use a steady-state model,

ignoring the time specification

Some environmental impacts are time independent;
some address a fixed time horizon (e.g. global
warming potential for 100 years)

Future environmental impacts are generally

not discounted in the results

Boundary related differences

Time horizon

Aggregation

Allocation Substitution with the expanded system boundary or different
options for allocation (e.g. economic, energy, mass)
System From cradle to grave, all relevant unit processes are

involved if possible

Most LCCs use a quasi-dynamic model; and

some use a steady-state model

Cost impact covers the main stages of service, including design,
construction, use and disposal. Traditionally LCC's time span

is shorter than that in LCA

Most LCCs use discount rates to aggregate different costs;
some exclude discounting

Substitution with the expanded system boundary or

economic allocation or revenues included (e.g. net cost)

Main unit processes are involved, and other upstream or downstream
processes are covered by assuming their costs are their market prices
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e ignoring the time specification, LCC is presented as an average
yearly cost without discounting;
e economic allocation is applied in both LCA and LCC.

2.2. Eco-efficiency indicator

E/E is primarily described as a strategy that creates more value
with less ecological impact and used in production systems. When
we are extending the E/E analysis to waste management, the situ-
ation becomes more difficult and complicated, since many partici-
pants are involved in the waste management system and the
analysis based on an individual firm level is restricted. In the area
of waste management, the E/E is analyzed on the functional level,
referring to the same functional unit in both LCA and LCC, viz. the
disposal of a given amount of MSW. This functional unit can be
provided by different processes with different LCA and LCC scores.
In this article, we consider reducing GHG emissions from the MSW
management system. Thus the question arises as to which strategy,
involving which treatment process is the most eco-efficient.

For calculating EJE, we assess the global warming impact and
cost impact of each process included in different scenario, with
assistance of LCA and LCC. For the ith MSW management scenario,
its global warming impact GW (measured in ton CO; eq.) and cost
impact C (measured in Chinese Yuan, CNY) are defined as:

GWi=> GW} (1)
k
G=) ¢ 2)
k

where superscript k denotes the kth waste treatment process.

When the environmental and economic assessments are ready,
there are three ways to represent E/E: internal normalization rela-
tive to the current situation or the average situation, external nor-
malization relative to the national level or the global level, and
actual value without normalization. Limitations of the internal nor-
malization have been discussed by Huppes and Ishikawa (2005b),
e.g.leading to diverse results, dependence onirrelevant alternatives,
or difficulties in cross-case comparisons. The external normalization
has advantages in independence and estimating the distance to a
specific target, which is the case that under the Kyoto Protocol and
the EU Burden-Sharing Agreement, The Netherlands’ GHG emissions
are expected to reduce 6% by 2010, compared to the base-year. In or-
der to bring LCA and LCC scores in a comparable line, this study uses
the external normalization of LCA and LCC, which sets the specific
scores into relation to a national level. Accordingly, the normalized
global warming (NGW) and the normalized cost (NC) are:

NGW; = GW;/GNEI 3)
NC; = C;/GDP (4)

where GNEI is the gross national environmental impact of global
warming of the base-year, ton CO, eq./year; GDP is the gross domes-
tic product of a certain year, CNY/year.

An E/Epgirwise indicator (Huppes and Ishikawa, 2005b), is applied
in this study, in order to combine the environmental impact differ-
ence and the cost difference between any two scenarios. Since the
present study focuses on evaluating strategies for GHG emissions
mitigation of MSW management system, E/Epgirwise is redefined as:

(NGW; — NGW;)/(NC; — NCj) NGW; > NGW;, NC; > NC;
E/Epairwise.ij ={ — 0 NGWJ > I\IGWI'7 NC, < NCJ
n/a NGWJ S NGW,
(©)
If NGW; > NGW; and NC; > NG;, which means scenario i is better

in terms of global warming impact but costs more than scenario
J» E/Epgirwise,ij illustrates GHG emissions mitigation per unit cost by

shifting from scenario j to scenario i. If NGW; > NGW; and NC; < NG;,
which means scenario i is better than scenario j in terms of both
global warming and cost impacts, no cost is needed to achieve
GHG emissions mitigation by shifting from scenario j to scenario
i in other words, E/Epgirwise,j approaches infinity. If NGW; < NGW;,
it makes no sense for GHG emissions mitigation by shifting from
scenario j to scenario i; therefore E/E,qirwise,j 1S not available. This
expression of the proposed E/Eyairwise,j indicator holds the common
meaning of efficiency, viz. higher is better.

3. Case study of Tianjin

The E/E analysis for GHG emissions mitigation of MSW was
implemented in Tianjin, one of the four municipalities directly un-
der the Central Government, with an urban area of 11,920 km? and
10.75 million inhabitants. Tianjin's GDP has grown by an annual
13.9% over the past 5 years, and the annual per capital GDP was
40,350 CNY in 2006 (TBS, 2007), the fifth highest in China. MSW
is being generated at a rate of approximately 4500 tons per day
and 85% is collected and treated legally. Landfill is the main dis-
posal approach in Tianjin’s MSW management system, comple-
mented by incineration.

3.1. Goal and scope definition

The goal of this study is twofold: to evaluate E/E of the existing
MSW management in Tianjin from a GHG emissions perspective;
and to investigate E/E of strategies for GHG emissions mitigation
of MSW management.

3.1.1. Functional unit

The functional unit is defined as “the disposal of the MSW col-
lected from the central districts of Tianjin city in 2006”. The total
amount is 909,160 tons. MSW refers to the waste discarded in
the urban areas. This is mainly household and retailer waste, but
also includes small amounts of industrial and construction wastes
mixed in occasionally. The fraction composition and elementary
composition of MSW has been analyzed (TCAEEDRI, 2007), as
shown in Table 2.

3.1.2. Scenarios

Six scenarios, reflecting different MSW management systems,
are compared in this study. The scenarios are assumed not to influ-
ence MSW generation; hence the same amounts of MSW with the
same composition are disposed in all scenarios.

e SO Baseline: The SO corresponds to the current MSW manage-
ment system in the central district of Tianjin. Landfill without
landfill gas (LFG) utilization is the main disposal approach, with
the complement of incineration. The average electricity genera-
tion efficiency of MSW-to-energy is 23.85%, which bases on the
lower heating value of MSW (Tianjin MSW-to-energy plant,
2006).

e S1 LFG utilization: S1 is constructed to evaluate the strategy of
landfill with LFG utilization. In comparing to SO, LFG collection,
upgrade, and conversion system are equipped for landfill plant
in this scenario. The LFG collection efficiency is 50%. LFG is
assumed to produce electricity.

e S2 Incineration: All of the MSW is treated in the MSW-to-energy
plant. This scenario tests the benefit from incineration with
energy recovery instead of landfill.

e S3 Material recycling: In comparing to SO, mixed metals, glass,
paper, and plastics are assumed to be treated in a material
recycle facility (MRF) in S3, producing secondary materials.
The secondary materials are assumed to the replace virgin
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Table 2

Fraction composition and elementary composition of MSW in Tianjin.
Fraction Fraction (%) Moisture (%) C (%) H (%) 0O (%) N (%) S (%) Ash (%)
Kitchen waste 56.9 70 48(100)? 6.4 37.6 2.6 0.4 5
Slag&ceramics 16.2 20 24.3(0) 3 4 0.5 0.2 68
Metals 04 2 4.5(0) 0.6 4.3 0.1 0 90.5
Glass 13 2 0.5(0) 0.1 0.4 0.1 0 98.9
Paper 8.7 10.2 43.4(100) 58 443 0.3 0.2 6
Plastics 12.1 1.2 60(0) 7.2 22.8 0 0 10
Textiles 2.5 10 48(80) 6.4 40 2.2 0.2 3.2
Wood 1.9 13 49.6(100) 6 42.6 0.2 0.1 1.5
Total/average 100 444 44.5(64) 5.7 30.7 1.6 0.2 17.3

2 The percentage of biogenic carbon in the MSW is bracketed. Elementary composition of MSW is analyzed based on dry weight.

materials. Since the scavenging activities exist in nearly every
stage of Tianjin's MSW management, relatively small amount
of materials goes to MRF, as shown in Table 3. In the absence
of data on recycling for mixed waste, a simplified recycle rate
of 30% is assumed from average data recommend by U.S.EPA
(Thorneloe et al., 2007). This rate is applied to all recyclable
materials. Landfill without LFG utilization is the destination of
residues of MRF.

S4 Centralized composting: The design of this scenario is based
on Tianjin’s waste management proposal. Fifty percent of
kitchen waste is assumed to be separated at the source and col-
lected to be composted. The digested matter is used as soil con-
ditioner or fertilizer. Landfill without LFG utilization is the
destination of residues of composting. The same amount of
MSW with the same composition as SO is send to MSW-to-
energy plant. The remaining MSW is assumed to be landfilled
without LFG utilization.

S5 Integrated system: This scenario investigates an integrated
MSW management system, which takes advantage of all above
scenarios. MRF and composting are the same as processes in S3
and S4. The same amount of MSW as SO is sent to the MSW-to-
energy plant. The remaining is treated in landfill with LFG
utilization.

Table 3 shows the numbers of waste treatment facilities and the
amounts of MSW inflow for each scenario. The number of plants is
calculated based on the typical capacities of the Tianjin landfill
plant and incineration plant.

3.1.3. System boundary

Different from products system, decisions on strategies for
MSW management are often taken at the municipal level. The sys-
tem boundary of this study is shown in Fig. 1. There are two types
of processes, together composing the whole life cycle of MSW
treatment, within the system boundary. One type is MSW treat-
ment processes, including various waste treatment technologies
and their downstream processes. The other type is upstream pro-

Table 3
Number of facilities and MSW inflow data in different scenarios.

cesses, providing ancillary materials and energy for waste treat-
ment processes. Based on the processes in the life cycle of MSW
treatment, three kinds of actors are involved in MSW management
system: municipality, inhabitants and service providers. Monetary
flows, as shown with dashed lines in Fig. 1, include the disposal fee
collected from inhabitants, subsidies and taxes between munici-
pality and service providers, costs and revenues directly generated
between service providers and MSW management system. The dis-
posal fee, taxes and subsidies are transfer payments between dif-
ferent actors; hence these monetary flows can be ignored.

3.2. Environmental assessment with LCA and economic assessment
with LCC

3.2.1. Key assumptions

e Short-cycle biogenic CO, emission is considered to be carbon-
neutral, in order to make results comparable with other studies.
Biogenic carbon released as CH4, however, is included. The ben-
efits of the biogenic carbon sink in the landfill process are not
taken into account.

e The MSW-to-energy plant and landfill plant are located at the
edge of the central district of Tianjin city. The collection and
transport distance to MSW-to-energy plant and landfill plant
is assumed as an average of 20 km. The MRF and composting
plant are assumed to be constructed in the periphery of the cen-
tral district, with a collection and transport distance of 30 km.

e The emissions of CO,, N,0, and CH4 from MSW management
system are included in the LCA impact assessment, as the major
contributors to global warming.

e Market prices for purchase of materials and energy are assumed
to include all cost in supply chains, and exclude value added tax.

3.2.2. Data issues

The data sources for the life cycle inventory of each treatment
process are listed in Table 4, for further descriptions see Zhao
et al. (2009). Three cost categories are distinguished: capital costs,

Scenario Waste treatment facility

Landfill without LFG Landfill with LFG MSW-to-energy MRF Composting Open dumped
utilization utilization
Number MSW inflow/ Number MSW inflow/ Number MSW inflow/ Number MSW inflow/ Number MSW inflow/ MSW inflow/
ton ton ton ton ton ton

SO 1 450,000 0 0 1 438,000 0 0 0 0 21,160

S1 0 0 1 471,160 1 438,000 0 0 0 0 0

S2 0 0 0 0 2 909,160 0 0 0 0 0

S3 1 409,765 0 0 1 438,000 1 61,395 0 0 0

S4 0.5% 212,595 0 0 1 438,000 0 0 1 258,565 0

S5 0 0 0.5% 151,200 1 438,000 1 61,395 1 258,565 0

2 An assumption in S4 and S5 is that half landfill plant is required, since the MSW inflow of landfill is around 50% of the capacity of existing landfill plant.
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Fig. 1. System boundary for eco-efficiency analysis.

Table 4
Descriptions and data sources of processes studied.

Process Process descriptions Data sources for LCA Data sources for LCC

Landfill without LFG ~ 2700 ton/day, 10-year life span HDPE layer, LFG release Tianjin Shuanggang landfill plant Tianjin Shuanggang landfill plant
utilization directly (1999); Doka (2003) (1999); assumptions

Landfill with LFG Similar to above, expect for LFG collection, purification and Tianjin Shuanggang landfill plant Tianjin Shuanggang landfill plant
utilization electric generate system (1999); Doka (2003) (1999); Wang (1999)

MSW-to-energy
turbine electric generator

MRF 180 ton/day, 20-year life span

Composting 800 ton/day, 20-year life span,

Open dump None

Collection and 5 ton diesel lorry, 10-year life span
transport

Average technologies in China; Ecoinvent Database v2.0
(2009)

Processes in
background system

400 ton/day, 20-year life span, grate incinerator with steam

Tianjin MSW-to-energy plant (2006);
Doka (2003)

Ecoinvent Database v2.0 (2009);
Arena et al. (2003)

Ecoinvent Database v2.0 (2009)
Emission factors from Doka (2003)
TCAEEDRI (2007); NBSC (2002)

Di et al. (2007); Ecoinvent Database

Tianjin MSW-to-energy plant (2006);
assumptions
Dubanowitz, 2000

Yao et al. (2003); Xu (1999)
None
TCAEEDRI (2007); assumptions

Tian et al. (2007); http://

v2.0 (2009) www.tjprice.gov.cn/

operational costs and disposal costs, as shown in Fig. 1. The capital
costs, which are presented as yearly average costs in the period of
service life, are the sum of civil cost including land cost and con-
struction cost, equipment cost, installation cost and design cost.
The operational costs are the sum of material and energy costs,
maintenance cost, labor cost, and overhead. The annual mainte-
nance cost and the annual overhead are calculated as 2.5% of the
civil and equipment costs and 2% of the capital costs, respectively.
(Data provided by the engineer from Tianjin MSW-to-energy
plant.) The disposal costs are the sum of costs for treating residual
waste streams, such as incineration ashes and wastewater. At the
end of the waste treatment facility’s life cycle, the demolition cost
is considered to be equal to the residual value, thus both of them
can be neglected. The data sources of the cost inventory for each
treatment process are listed in Table 4. For the purpose of compar-
ison, the data of cost for China are converted into the constant mar-
ket price at year 2000 in CNY, while those of cost for U.S. are also

Table 5
Cost inventory results of each process studied.

converted into the constant market price refer to year 2000 in dol-
lar. The data are then converted into CNY in 2000 with purchasing
power parity (PPPs) estimated by World Bank for the use of inter-
national comparison (UNCDB, 2008). Results of the cost inventory
for each treatment process are listed Table 5.

3.2.3. Allocation

As discussed in methodology section, economic allocation is se-
lected as the allocation method in this study. Allocation factors of
each unit process in both LCA and LCC analyses therefore are equal,
which are calculated on the basis of market prices and quantities of
the various products or services (Heijungs and Guinée, 2007; Zhao
et al., 2009), as shown in Table 6. It is noted that the allocation
factor of the digested matter is zero, because the digested matter
from the composting process is usually given to farmers free of
charge, according to the experience gained from European
countries.

Process Unit Capital cost Operational cost Disposal cost
Collection & transport CYN/ton.km 0.33 2.29 0

Landfill without LFG utilization CYN/ton 34.45 10.76 1.5

Landfill with LFG utilization CYN/ton 46.11 12.01 1.5
MSW-to-energy CYN/ton 63.74 54.89 4.2
Composting CYN/ton 52.4 9.67 2.6

MRF CYN/ton 75.6 3241 3
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Table 6
Allocation factors in economic allocation.
Unit process Function
Service of waste Recovered Digested Recycled Recycled Recycled Recycled Recycled
treatment electricity matter paper glass metals PE PP
MSW-to-energy 0.62 0.38
Landfill with LFG 0.74 0.26
utilization
Composting 1 0
Paper recycling 0.11 0.89
Glass recycling 0.16 0.84
Metals recycling 0.06 0.94
Plastics recycling 0.04 0.69 0.27

3.2.4. Impact assessment and cost aggregation

Focusing on GHG emissions mitigation, global warming is the
only impact category for life cycle impact assessment in this study.
The GHG emissions are characterized using global warming poten-
tials for 100-year time horizon (GWP100), according to IPCC
(2001). Since the steady-state cost model is used, all costs in three
categories are allocated and aggregated at the annual level without
discounting.

3.3. Eco-efficiency analysis

After conducting LCA and LCC, their results are compared and
integrated. A contribution analysis is implemented to pinpoint
the key issues with the highest contribution to global warming im-
pact or cost impact. In this study, the contribution analysis is based
on major stages of the MSW management system, distinguished as
collection and transport; waste treatment processes (including
landfill, MSW-to-energy, MRF and composting); materials and en-
ergy production; and infrastructure for waste treatment facility.

Related to the Kyoto Protocol, China, as a country of responsibil-
ity, aims to fulfill its commitments and has established strategic
goals to reduce energy consumption per unit GDP, to raise the pro-
portion of renewable energy in primary energy supply, and to in-
crease the forest coverage rate, which consequently reduce GHG
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emissions. According to the China’s National Climate Change Pro-
gram (NDRC, 2007), the total GHG emissions in 2004, 6100 million
ton CO, eq., is set as the baseline, which is used for the global
warming normalization in this study as well. The gross domestic
product (GDP) of China is 21.2 trillion CNY in 2006, which is used
for the cost normalization.

3.4. Results and discussion

3.4.1. Contribution analysis

Results from the contribution analysis on LCA and LCC are given
in Fig. 2. The baseline scenario (SO) has been set at 100%, and other
scenarios are presented relative to it. SO reflects the current MSW
management situation in Tianjin. In terms of global warming im-
pact, the landfill and MSW-to-energy stages contribute 68% and
26% to GHG emissions, respectively. The landfill process in SO is
not equipped with the LFG utilization or flaring system, which
causes a high release of CH,4 due to the organic waste degradation.
The oxidation of fossil carbon in various waste fractions, e.g. plas-
tics waste in Table 2, is the major source of GHG emissions from
MSW-to-energy stage. In terms of cost impact, landfill stage in SO
contributes less than 5% of the total impact. In contrast, infrastruc-
ture and, collection and transport stages are major cost drivers,
contributing in excess of 32% and 26%, respectively.

-

LCA LCC LCA LCC LCA LCC

S0 S1 S2

Infrastructure
M Landfill
0O Collection&transport

B Material&energy production
& Composting

LCA LCC LCA LCC LCA LCC
S3 S4 S5

B MSW-to-energy
MRF

Fig. 2. Contribution analyses of environmental impact (LCA results) and economic impact (LCC results) of scenarios studied.
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The key issues arising from LCA and LCC contribution analyses,
show no relation between the global warming impact and the cost
impact. The results of other scenarios are quite similar to those of
S0, as shown in Fig. 2. The robustness of this result has also been
observed by other researchers (Hellweg et al., 2005). The proper
explanation can be the fact that the large scale of the MSW man-
agement system, with regard to both capacity and geographical
scope, causes a series of high monetary expenditures. Meanwhile,
the environmental impacts of different MSW treatment processes
are relatively higher than that of other processes. However, the sit-
uation may change in the future, as more stringent environmental
standards of waste treatment technologies and new regulations on
MSW source separation are established. The results of the contri-
bution analysis also show potentials to improve the MSW manage-
ment system from the environmental aspect or the economic
aspect, by improving different key issues.

3.4.2. Eco-efficiency analysis

The E/Epqirwise,j indicator of any two scenarios, as defined in the
methodology section, is depicted in Fig. 3. The LCA and LCC results
of different scenarios are shown in Table 7 for reference. The base-
line scenario (S0) reveals the least cost (79.9 million CNY) but the
most global warming impact (467.3 thousands ton CO, eq.); while
the integrated scenario (S5) is the most costly (98.9 million CNY)
but least global warming impact (255.9 thousands ton CO, eq.).
Relative to SO, the recycling scenario (S3) costs more but its global
warming impact is reduced slightly. The small benefit of GHG
emissions mitigation (reduced by 6.1% compared to SO) in S3 is
the result of small shares of recyclable fractions in Tianjin's
MSW, as shown in Table 2. The incineration scenario (S2) and
the composing scenario (S4) show the significant GHG emissions
mitigation at the economic cost. The cost of S2 (92.2 million
CNY) is the second highest among scenarios, because the payments
for infrastructure, operation and maintenance in the whole life cy-
cle of MSW-to-energy plant are relatively high. For S4, its higher
cost is partially influenced by the chosen economic allocation,
which assumes the market price of the digested matter is zero

o
)

Normalization factor of global warming (x107)
S

8 T T T T |
5 4.7 4.4 4.1 3.8 3.5
Normalization factor of cost (x10°)
Fig. 3. Eco-efficiency (E/E) diagram of scenarios studied.
Table 7
LCA and LCC results of different scenarios.
SO S1 S2 S3 S4 S5
GHG emissions/thousands 467.3 285.6 316.6 4385 357.2 2559
ton CO; eq.
Cost/million CNY 799 827 922 873 90.0 989

and total life cycle cost is taken by the service of kitchen waste
composting. The LFG utilization scenario (S1) appears as a promis-
ing solution for GHG emissions mitigation of Tianjin's MSW
management, performing similarly to S5 with regard to global
warming impact and to SO with regard to cost impact.

If we remove all irrelevant scenarios, of which the global warm-
ing impact or the cost impact or both are higher than those of any
other scenarios, the potential optimum scenarios remains, viz. SO,
S1 and S5 in this case. Consequently, a set of the potential optimum
scenarios may create a potential optimum curve, indicating the
marginal eco-efficiency for the point shifting in other directions.
The E/E,airwise,ij indicator (Eq. (5)) is applied to the present case to
quantify the GHG emissions mitigation efficiency by a single figure.
In both the jth (in the first row) and the ith (in the first column)
directions, all scenarios are listed in descending order of the global
warming impact in Table 8 which covers all possible comparisons
of the scenarios studied. The highest figure in each row is in bold
type, referring to the strategy with the highest E/E for GHG
emissions mitigation when shifting from the ith scenario to the
other scenarios. S1 is superior to all other scenarios except S5 in
the second row. It is because that starting from S1, S5 is only one
direction to reduce the global warming impact within the scope
of this study. The last row in Table 6 is a special case, since the
GHG emissions from S5 are the least; hence it makes no sense to
shift from S5 to any other scenarios in this study. It can be con-
cluded that S1 is the most eco-efficient scenario for GHG emissions
mitigation, considering the Tianjin’s MSW treatment technologies’
levels and the limited financial supports. Compared to the baseline
scenario, the second eco-efficient scenario is S2, followed by S4 and
S5.

3.4.3. Uncertainty

The proposed EJ/E analysis for GHG emissions mitigation of
MSW management system combines the environmental and eco-
nomic assessments, towards the direction to sustainability. How-
ever, with respect to the scientific feasibility of the proposed E/E
analysis, uncertainties are a critical issue. A first aspect of uncer-
tainty relates to the methodologies applied. Although we have
deliberated on integrating LCA and LCC in a consistent way, the
E/E analysis is subject to many assumptions derived from either
an integration procedure or the life cycle approach itself. For in-
stance, the system boundaries of LCA and LCC are difficult to har-
monize, and the uncertainties of those assumptions on cut-offs
are not easily quantified. Furthermore, when we consider other
environmental impact categories besides global warming, a crucial
question with respect to weighting different impact categories
arises, which is one of the inherent limitations of LCA. The second
aspect of uncertainty relates to the assumptions on data and the
quality of data. In the previous study (Zhao et al., 2009), we have
discussed the uncertainties of the assumptions on LFG collection
efficiency and recycle rate, both of which show high sensitivities
on the GHG emissions from MSW management system. In the E/
E analysis, it is necessary to assess the effects of key variants on
both environmental and economic impacts at the same time.

Table 8

Eco-efficiency (E/E) indicators for comparing scenarios.
i E/Epairwise,ij
j SO S1 S2 S3 S4 S5
SO n/a 0.23 0.043 0.014 0.038 0.039
S1 n/a n/a n/a n/a n/a 0.006
S2 n/a - 00 n/a n/a n/a 0.032
S3 n/a - 00 0.087 n/a 0.105 0.055
S4 n/a — 00 0.065 n/a n/a 0.04

S5 n/a n/a n/a n/a n/a n/a
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Increasing the recycle rate in S5, for example, could cause a de-
creased global warming impact and an increased cost impact.
The competition between these two effects determines whether
S5 moves towards the potential optimum curve or even whether
the potential optimum curve changes. Summarizing, the uncer-
tainties of major assumptions should be well documented, and
be quantified by the sensitivity analysis.

4. Conclusions

This article has discussed the methodology of the E/E analysis,
focusing on consistently integrating LCA and LCC. Five major meth-
odological differences between LCA and LCC, potentially causing
diversities or conflicts, have been examined and classified as time
related differences or boundary related differences. Particularly, in
MSW management system, key methodological choices have been
made based on the comparison between LCA and LCC, including
the steady-state LCC model, the economic allocation, and the dis-
counting excluded. There are logical reasons and/or practical rea-
sons to prefer these choices. In addition, the E/Epgirwise; indicator
for GHG emissions mitigation has been developed. In order to dem-
onstrate the proposed E/E analysis, we have carried out the case
study on MSW management in Tianjin.

The current patterns of Tianjin's waste management system
and other five improved scenarios have been assessed. The key
issues identified by the contribution analysis on LCA and LCC
show no linear relationship between the global warming impact
and the cost impact in MSW management system. The contribu-
tion results are useful to present the possible improvements from
an environmental aspect or an economic aspect or both. The
results from LCA and LCC have been normalized to Chinese
national data, and represented in an E/E diagram. This graphical
presentation of the E/E analysis is transparent and helpful to
understand the economic-environmental trade-offs involved in
the scenarios. Furthermore, the potential optimum curve has
been created by a set of the most promising scenarios, which
can be used to analyze the marginal eco-efficiency. Because the
E/E diagram cannot solve the trade-off problem, the indicator
E/Epqirwise,ij 1s calculated for specifying the rank of scenarios. The
LFG utilization scenario is identified as the one with the highest
E/E for GHG emissions mitigation, because of its significant
reduction of the global warming impact and relatively small
costs increase. Given the limited waste management practice
and financial support in Tianjin, promising solution is installing
LFG utilization systems for existing landfill plants or developing
new landfill plant with LFG utilization systems. The factors,
including the characteristics of MSW, technologies’ levels, and
the chosen methodologies, determine other scenarios are less
attractive, from an E/E perspective.

It is worth noting some limitations of this study. First, GHG
emissions have been primarily concerned with environmental
impact, as the E/E analysis for a specific environmental improve-
ment measure. Other environmental impact categories ranging
from ozone layer depletion to acidification and toxicity aspects,
as well as political factors are also important in the waste man-
agement field and will alter both the absolute value and the E/E
indicator. Second, the scenarios constructed in this study do not
incorporate dynamic factors. For instance, the changing amount
and feature of MSW and improved or new waste treatment tech-
nologies will lead to different sets of scenarios, hence different
E/E analysis results. Introducing dynamic factors into the E/E
analysis makes it much more meaningful and much more com-
plex (Huppes and Ishikawa, 2005b). Third, uncertainties related
to methodological choices, data availabilities and data accuracy
are necessary to be discussed in detail, in order to implement

the E/E analysis in a scientifically feasible way. There is, there-
fore, a need for a better and more comprehensive E/E analysis
for assessing the economic-environmental reality of the waste
management.
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